Like many other prokaryotes, the photosynthetic bacterium Rhodobacter capsulatus produces high levels of polyhydroxyalkanoates (PHAs) when a suitable carbon source is available. The three genes that are traditionally considered to be necessary in the PHA biosynthetic pathway, phaA (␤-ketothiolase), phaB (acetoacetylcoenzyme A reductase), and phaC (PHA synthase), were cloned from Rhodobacter capsulatus. In R. capsulatus, the phaAB genes are not linked to the phaC gene. Translational ␤-galactosidase fusions to phaA and phaC were constructed and recombined into the chromosome. Both phaC and phaA were constitutively expressed regardless of whether PHA production was induced, suggesting that control is posttranslational at the enzymatic level. Consistent with this conclusion, it was shown that the R. capsulatus transcriptional nitrogen-sensing circuits were not involved in PHA synthesis. The doubling times of R. capsulatus grown on numerous carbon sources were determined, indicating that this bacterium grows on C 2 to C 12 fatty acids. Grown on acetone, caproate, or heptanoate, wild-type R. capsulatus produced high levels of PHAs. Although a phaC deletion strain was unable to synthesize PHAs on any carbon source, phaA and phaAB deletion strains were able to produce PHAs, indicating that alternative routes for the synthesis of substrates for the synthase are present. The nutritional versatility and bioenergetic versatility of R. capsulatus, coupled with its ability to produce large amounts of PHAs and its genetic tractability, make it an attractive model for the study of PHA production.
Bacterial polyesters called polyhydroxyalkanoates (PHAs) have recently received wide attention because they resemble plastics yet are completely biodegradable. This interest stems from the belief that the physical properties of specific PHAs, combined with low-cost production methods, make such PHAs attractive alternatives to environmentally recalcitrant petroleum-based plastics. However, the production of PHAs in homologous or heterologous (engineered) organisms in order to attain the appropriate PHA(s) at a competitive cost requires a thorough knowledge of the biosynthetic pathways.
Many bacteria are able to synthesize PHAs like polyhydroxybutyrate (PHB) as storage compounds for carbon and reducing equivalents (26) . When certain nutrients (e.g., nitrogen and phosphate) are limiting for growth, the synthesis of PHAs is often induced. Based on biochemical studies of Alcaligenes eutrophus, the biosynthesis of PHAs minimally requires three enzymes encoded by phaA (␤-ketothiolase), phaB (acetoacetylcoenzyme A [CoA] reductase), and phaC (PHA synthase) (see references 27 and 28 for reviews). By this pathway, carbon is fluxed through acetyl-CoA to PHA (Fig. 1) . The phaCAB genes have been isolated from A. eutrophus, and they constitute an operon that is constitutively expressed (19, 21, 23-25; see reference 28 for a review). This is consistent with the proposal that control of the pathway occurs at the enzymatic level, probably depending on the concentrations of CoA and NADPH in cells. Even though A. eutrophus has been the key model system, no strains with mutations in the phaA and phaB genes have been reported. Surprisingly, no prokaryote has been mutated in each of the three genes putatively involved in the pathway.
Some bacteria are proposed to have alternative mechanisms for the synthesis of 3-hydroxyacyl-CoA substrates for PHA synthase. For example, Pseudomonas oleovorans can use alkanes as a carbon source; after oxidation to fatty acids, the latter enter the ␤ oxidation pathway to yield 3-hydroxyacylCoA (27) . Thus, depending on the carbon source, various pathways can produce hydroxylated substrates for PHA synthases. The substrate specificity of the synthase appears to be relatively restricted. The A. eutrophus synthase uses C 4 or C 5 moieties, while pseudomonads have synthases that can use longer-chain substrates (greater than five carbon atoms). Nevertheless, within each of these synthase groups, the final composition of the polymer may have more to do with the concentrations of various hydroxyacyl-CoAs in cells than with enzyme specificities. These concentrations reflect the metabolism of the particular organism.
A physiological survey of 41 strains of proteobacteria, many of which are photosynthetic, indicated that nonsulfur photosynthetic bacteria are able to synthesize C 4 and C 5 PHA copolyesters on a variety of carbon sources (14) . The following three genera from this group were particularly versatile in this connection: Rhodobacter, Rhodopseudomonas, and Rhodospirillum. Because nonsulfur photosynthetic bacteria are metabolically quite diverse, with the ability to use a large number of carbon and nitrogen compounds, we began investigations into the genetics, regulation, and metabolism of PHAs in these organisms. Indeed, Rhodobacter capsulatus, a model phototroph because of its amenable genetic systems, has also previously been shown to synthesize PHAs when it is grown photosynthetically on acetone and nitrogen is limiting (9, 15) . In the present study, the R. capsulatus phaC, phaA, and phaB genes were isolated and inactivated. R. capsulatus phaC-lacZ and phaAB-lacZ reporters were constructed and found to be constitutively expressed, regardless of the nitrogen or carbon source. Consistent with this finding, R. capsulatus mutants disrupted in the transcriptional nitrogen regulatory pathway still synthesized PHAs. A wild-type R. capsulatus strain was shown to grow photosynthetically on fatty acids containing 2 to 12 carbon atoms, and the synthesis of PHAs in the wild-type strain and pha mutants grown on different carbon sources was investigated.
MATERIALS AND METHODS
Bacterial plasmids and strains. The bacterial strains and plasmids used in this work are listed in Table 1 . Both plasmids pRGK264 and pRGK265 (Fig. 2) were constructed by excision of EcoRI fragments from cosmid pRGK263 and ligation into the EcoRI site of pUC118. Construction of the phaA-lacZ fusion plasmid pRGK267 required three steps. First, the 1.3-kb BamHI-PstI fragment from pRGK265 was ligated into the polylinker of pRGK264 to make plasmid pRGK266. Then the 6.3-kb BamHI-SmaI fragment of pLKC482 that contains the lacZ and Kan r genes was ligated to pRGK266 digested with BamHI and MscI. Then the plasmid was linearized at the pUC118 polylinker in a partial digest of HindIII and ligated to the HindIII site of vector pUCA10 to make pRGK267. pRGK268 was made by excision of the 1.7-kb EcoRI-PstI fragment from pRGK265 and ligation to pUC118. The 1.6-kb HindIII fragment from pUC4-KIXX that contains the kanamycin resistance gene was blunt ended with Klenow fragment and ligated to pRGK268 digested with MscI and SmaI. The plasmid was digested with EcoRI and HindIII and ligated to the HindIII site of pUCA10, along with HindIII-EcoRI linkers from pUC118, to yield plasmid pRGK269.
Plasmids pRGK271 and pRGK272 were constructed by digestion of EcoRI and XhoI fragments, respectively, from cosmid pRGK270 and ligation into the EcoRI or SalI site of pUC119. The construction of pRGK274 required two steps. First, plasmid pRGK273 was made by ligation of the EcoRI insert in pRGK271 into pRGK272 digested with EcoRI, which cuts in the polylinker as well as at the internal site. Second, the 6.3-kb SalI-SmaI fragment of pLKC482 that contains the lacZ and Kan r genes was ligated to pRGK273 digested with SalI and SmaI. SB1003 and B10 are wild-type R. capsulatus strains. Strains RGK283 and RGK285 contain phaA-lacZ and phaC-lacZ fusions, respectively, integrated into the R. capsulatus chromosome. Strain RGK283 was constructed by integrating pRGK267 into the chromosome of SB1003 and using an incompatible plasmid, pPH1J1, previously described (1). Strain RGK285 was constructed by integration of plasmid pRGK274, which was first linearized with XhoI, filled in with Klenow fragment, and ligated into the blunt-ended XbaI and HindIII sites of pUCA10. Strain RGK284 has a deletion of the end of phaA and most of phaB, with an insertion of the kanamycin resistance cassette. It was constructed by integrating pRGK269 into SB1003 by using pPH1J1. Strains were cured of pPH1J1 and verified by Southern blot analysis.
Bacterial growth conditions. All strains of R. capsulatus were grown either phototrophically or chemotrophically in liquid media or on plates. For phototrophic growth, RCV medium, which contains 30 mM malate as the carbon source, was used (33) . For growth on other substrates, RCV medium minus malate was supplemented with a single organic carbon source, as specified (see Tables 2  through 4 ), plus 0.1% NaHCO 3 . Liquid cultures were grown in completely filled screw-cap tubes (17 ml) or bottles (250 ml) at 34°C and ca. 3,000-lx incandescent illumination. For growth on plates, RCV medium solidified with 1.5% agar was used and cultures were grown either phototrophically (Gas-Pak jars) or aerobically in darkness.
Isolation and verification of R. capsulatus phaA, phaB, and phaC genes. The R. capsulatus phaA, phaB, and phaC genes were cloned from a BamHI R. capsulatus genomic library described previously (10) . The phaA and phaB genes were cloned by screening the library with a probe made from plasmid pTZ18U-PHB. This probe consists of a 2.3-kb PstI fragment that contains the A. eutrophus phaAB genes. Cosmid pRGK263 hybridized to the probe by Southern analysis. Plasmids pRGK264 and pRGK265 were subcloned from pRGK263 (see above) and sequenced from the EcoRI site internal to the phaA gene (Fig. 2) .
The R. capsulatus genomic library was screened with a probe consisting of the A. eutrophus phaC gene. This probe was obtained by digestion of pTZ18U-PHB with PstI and isolation of the 0.6-and 0.5-kb fragments containing the last 1.0 kb of the phaC gene. Cosmid pRGK270 was determined by Southern analysis to have a phaC gene. No cosmids hybridized with both phaAB and phaC probes, suggesting that these genes are not linked. Plasmids pRGK271 and pRGK272 were subcloned from cosmid pRGK270 and sequenced to the left and right of the internal EcoRI site as well as to the right of the internal XhoI site. The reported 40% identity for phaC in this region of sequence (192 residues) is further evidence that this gene is the one that encodes PHA synthase.
Other methods. DNA sequencing was done by the dideoxy method of Sanger et al. (22) with 35 S-ATP, a Sequenase 2.0 kit (Amersham), and single-stranded template prepared by infection of Escherichia coli JM101 containing pUC118 and pUC119 derivatives (32) with M13KO7 helper phage. The ␤-galactosidase activities of cell extracts were determined as previously described (13) . Protein levels were determined by bicinchoninic acid assay (Pierce Chemical Co.) with bovine serum albumin as the standard. The PHA contents of cells were deter- This study mined as previously described (9) , and the monomeric compositions of select PHAs were determined (by Minhtien Tran of Monsanto Co.) by gas chromatography analysis of PHAs that were hydrolyzed to their respective methyl esters.
RESULTS AND DISCUSSION
Cloning and inactivation of the R. capsulatus phaABC genes. The A. eutrophus phaA, phaB, and phaC genes were used as probes to clone homologous genes from an R. capsulatus genomic cosmid library. The R. capsulatus genes were present on two different sets of cosmids, with one containing fragments that hybridized to the phaA and phaB probes and one containing fragments that hybridized to the phaC probe only. These genes were further mapped (Fig. 2) . DNA sequence analysis confirmed the position and authenticity of each pha gene (see Materials and Methods) . The PhaA open reading frame is 64% identical (over 211 residues), PhaB is 51% identical (over the entire protein), and PhaC is 40% identical (over 192 residues) to the respective enzymes from A. eutrophus. Thus, unlike the genetic organization in A. eutrophus, the phaC gene in R. capsulatus is not physically linked to the phaAB genes. This separate location is like that present in Zoogloea ramigera (see references 18, 20, and 27 for reviews) and probably Paracoccus denitrificans (31) . Isolation of the Rhodobacter sphaeroides phaC gene and phaC mutants generated by Tn5 has previously been reported (7, 8) . DNA sequence analysis provided evidence that phaC is also monocistronic in R. sphaeroides.
The sequence and maps were used to construct translational lacZ fusions and to insert a Kan r cassette into the open reading frames for chromosomal gene replacements (Fig. 2) . The PhaA Ϫ , PhaAB Ϫ , and PhaC Ϫ strains so generated were confirmed to have chromosomal inserts by Southern blot analysis (not shown). The R. capsulatus PhaA Ϫ and PhaAB Ϫ strains were assayed for ␤-ketothiolase and acetoacetyl-CoA reductase activities by Steven Slater and colleagues (Monsanto Co., St. Louis, Mo.). These results confirmed that the PhaA Ϫ strain is deficient only in ␤-ketothiolase activity and that the double mutant is deficient in both (24a).
Regulation of PHA production and pha transcription. Traditionally, the production of PHAs in photosynthetic bacteria has been studied by using selected carbon sources and limiting the levels of fixed nitrogen (2, 14) . We wanted to determine first whether the transcriptional nitrogen regulatory cascade of R. capsulatus is involved in the induction of PHA synthesis and second whether the control of synthesis is at the level of transcription or translation or is posttranslational. We compared PHA production in the wild type with those of mutants that are defective in the general nitrogen regulatory cascade (e.g., ntrC) and the nitrogen-fixation-specific regulatory system (e.g., rpoN) (11) . R. capsulatus strains were grown on excess acetone and analyzed for polymers by chemical methods and electron microscopy (Fig. 3A, C, and D) . All three strains showed large polymer granules comprising over 50% of cell volume. As expected, when strains were grown on minimal medium containing malate as the carbon source and ample fixed nitrogen, no PHA granules were observed (Fig. 3B) . We thus conclude that the nitrogen regulatory cascade is not involved in PHA production in R. capsulatus, similar to the conclusion based on results from an rpoN mutant of A. eutrophus (23) .
The R. capsulatus phaA-lacZ and phaC-lacZ translational fusions were used to determine whether the control of PHA synthesis is posttranslational. The synthesis of these ␤-galactosidase fusion proteins was measured after the gene fusions were recombined into the chromosome or inserted in trans on plasmids. The same expression results were observed by both methods. The results of initial experiments with solid media and the indicator X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) suggested that expression occurred regardless of the carbon or nitrogen source. The ␤-galactosidase activities from cells grown in media where high levels of PHA are produced and where no PHA is produced were measured ( Table  2) . Both phaC and phaA were expressed at high levels even in media without PHA production (e.g., malate as the carbon source and ammonia as the nitrogen source). In the phaC-lacZ chromosomal insertion strain, since no PHA is produced because of a deficiency in the synthase (see below), we wanted to determine whether synthesis is feedback controlled by the product, PHA. Thus, we placed phaC in trans in the phaC-lacZ strain; no significant difference in expression was observed (data not shown). We conclude that enzymes for this pathway are always present and that the regulation of PHA synthesis occurs posttranslationally. This conclusion is similar to that based on the results in A. eutrophus, where control is proposed to occur by mechanisms related to allosteric effects and substrate availability for the biosynthetic enzymes (see references 23 and 28 for reviews). For example, CoA levels are high and acetyl-CoA levels are low when cells grow rapidly. Moreover, when cells are limited for a key nutrient, the NADH/NAD ratio may increase, reflecting a surplus of reducing equivalents that can be channeled into polymer production (e.g., acetoacetyl-CoA reductase). Biochemical studies of ␤-ketothiolase and acetoacetyl-CoA reductase in Azospirillum brasilense have also suggested constitutive production of these enzymes (29) .
Growth of R. capsulatus on fatty acids as carbon sources. The use of short-chain fatty acids (e.g., acetate, propionate, and butyrate) as the sole carbon source by R. capsulatus has been known for some years (4, 17, 33) . We wanted to determine whether longer-chain fatty acids could also be used by R. capsulatus as carbon sources and as potential feedstocks for PHA production; for all growth tests, media were supplied with bicarbonate. Table 3 shows the doubling times of R. capsulatus B10 grown photoheterotrophically on a variety of C 2 to C 12 fatty acids. All fatty acids were used for photosynthetic growth, with doubling times ranging from 3 to 12 h. The monounsaturated fatty acid 3-hexenoate, used as a model for unsaturated fatty acids, was also readily used as a carbon source (Table 3) . Growth rates generally decreased with increasing chain lengths, and the concentration of substrate tolerated was in general inversely related to chain length (Table 3) . These results indicate that metabolic versatility, which is the hallmark of photosynthetic bacteria, especially R. capsulatus, can be extended to the use of medium-and long-chain fatty acids.
Production of PHAs in wild-type strains and pha mutants grown on selected carbon sources. When wild-type R. capsulatus strains were grown photoheterotrophically with acetone, caproate, or heptanoate as the carbon source, high levels of PHAs were produced ( Table 4 ). The steady-state levels of PHAs depended somewhat on the wild-type strain used. For example, R. capsulatus B10 cells produced PHAs to 90% and SB1003 cells produced PHAs to 52% of the dry weight of cells when they were grown on caproate. When cells were grown on the C 7 fatty acid heptanoate, a copolymer of PHB-poly-␤-hydroxyvalerate was produced at high levels (Table 4) . Interestingly, in contrast to A. eutrophus, where copolymer formation by glucose-grown cells requires the addition of propionate and aerobic conditions (28) , R. capsulatus produces a PHB-PHV copolymer from a single carbon source (in this case, heptanoate) under completely anoxic conditions. The R. capsulatus PhaA Ϫ mutant derived from strain SB1003 was able to synthesize PHAs when it was grown on acetone, as was the RpoN Ϫ strain previously described (not shown). Similarly, the PhaAB Ϫ strain could synthesize PHAs in R. capsulatus, suggesting that the reductase activity is not needed for flux through the pathway. In contrast, the PhaC Ϫ strain was unable to synthesize PHAs from any carbon source tested. The results discussed above were confirmed by electron microscopy, which showed large PHA granules in the wild type (Fig.  3E) but none in the PhaC Ϫ mutant (Fig. 3F) for growth on caproate.
Collectively, the results indicate that an alternative mechanism for 3-hydroxyacyl-CoA production that does not require the products of the phaA and phaB genes must be present in R. capsulatus. This is true whether cells are grown on acetone or long-chain fatty acids. In A. eutrophus, searches for mutants that do not produce PHB have led to the discovery of insertions in the phaC gene but not in the adjacent phaAB genes (19, 24 ; reviewed in reference 28). As previously discussed (28) , this suggests that alternative ␤-ketothiolase and acetoacetyl-CoA reductase activities are present, but to our knowledge, no gene replacements in the A. eutrophus phaAB genes have been analyzed. This is also consistent with the results of enzymatic assays which suggest that an alternative ␤-ketothiolase is present (e. g., see reference 25). Based on biochemical studies, alternative routes for the synthesis of substrates to the PHA synthase in Rhodospirillum rubrum have been proposed (16) . The results with the R. capsulatus phaAB mutants described here clearly indicate that alternative routes to the production of acetoacetyl-CoA and ␤-hydroxybutyrl-CoA (Fig. 1) exist. These strains will be excellent starting points for genetically dissecting alternative pathways for PHA biosynthesis. During the current studies, an unexpected phenotype, the dramatic growth sensitivity of R. capsulatus phaC mutants to high concentrations of certain fatty acids, was observed and described elsewhere (12) . This property of fatty acid detoxification and other genetic screens have been developed for isolating heterologous PHA synthases and for further analysis of the PHA biosynthetic pathway. 
